In vitro degradation of chitosan composite foams for biomedical applications and effect of bioactive glass as a crosslinker https://doi.org/10. 1515/bglass-2018-0005 Received Oct 26, 2017 revised Dec 14, 2017; accepted Jan 20, 2018 Abstract: In tissue engineering applications, 3D scaffolds with adequate structure and composition are required to provide durability that is compatible with the regeneration of native tissue. In the present study, the degradation of novel flexible 3D composite foams of chitosan (CH) combined with bioactive glass (BG) was evaluated, focusing on the role of BG as a physical crosslinker in the composites, and its effect on the degradation process. Highly porous CH/BG composite foams were obtained, and an elevated degradation temperature and lower degradation rate compared with pure chitosan were observed, probably as a result of greater intermolecular interaction between CH and BG. The Fourier transform infrared spectroscopy (FTIR) data suggest that hydrogen bonds were responsible for the physical crosslinking between CH and BG. The results confirm that CH/BG foams can combine controllable bioactivity and degradation behavior and, therefore, could be useful for tissue regeneration matrices.
Introduction
The tissue engineering field is characterized by the search of new materials with biocompatibility, biodegradability, cytocompatibility, suitable microstructure, and mechan-ical properties [1, 2] . Solid foams are attractive candidates for use in biomedical applications due to its open porous structure, which gives them interesting properties like compressibility, high fluid absorption capacity and low density. Besides that, the flexibility allows a better adaptation to the anatomy of host tissue and better application on hard and soft tissue repair [3, 4] . Foams based on natural polymers are currently receiving great attention due to their similarity to biological macromolecules, which can improve the biocompatibility of the biomaterial [5, 6] .
Among the natural polymers, chitosan has shown great potential to be applied as biomaterials,due to a combination of unique properties such as biocompatibility, biodegradability, antimicrobial activity and high adhesiveness [7] . Chitosan foams have been reported for wound healing [8, 9] , bone repair [10, 11] and drug delivery [12, 13] . applications; however, pure chitosan scaffolds usually present low strength and can present high degradation rate in physiological medium [14, 15] . Therefore, the development of composite materials was investigated in order to improve the pure chitosan properties. The combination of bioceramics with the polymer could improve the mechanical performance and bioactivity of the scaffold [16] .
Composite foams based on bioceramics such as bioactive glass (BG) are promising subsets of inorganic bioactive materials [17] . A common characteristic of this type of ceramic is a time-dependent kinetic modification of the surface that occurs upon immersion in physiological medium. Bioactive glass is also capable of reacting with physiological fluids, especially being used in the regeneration of bones and teeth [14, [17] [18] [19] .
Besides the mechanical and biological properties, the degradation ratio of the scaffold must be carefully analyzed because the application and functionality of the biomaterial composite is directly dependent on the length of time that the 3D matrices remain available in the tissue [20, 21] . The degradation process can begin due to chemical, physical, and biological interactions and from internal or external stimulus. It is characterized as the par-tial or complete loss of its morphological and chemical structural features [8] . Therefore, the material composition could be decisive in how the degradation process begins and its progress. Furthermore, considering 3D scaffolds, the kind of material and their microstructure (pore size and porosity) are also important in terms of duration and which route the degradation proceeds [9] .
We have previously studied in detail the mechanical behavior of chitosan/bioactive glass composite foams, containing up to 50% bioactive glass, in which a large increase in the modulus of elasticity and strength was observed, at the same time that a larger shape recovery capability was shown by the composite when compared with the pure chitosan foam. These results, and the intermolecular interactions observed by FTIR, are an indication of a strong physical crosslinking effect provided by the bioactive glass particles on the chitosan matrix. Furthermore, a cytotoxicity analysis was conducted and showed that all the matrices exhibit cell-friendly behavior and permit adequate cell viability [22] . Therefore, the aim of the present study is to explore the action of bioactive glass as a structure reinforcement and physical crosslinking agent, verifying the hydrolytic degradation stabilization capacity of bioactive glass on composite foams. To achieve this aim, degradation studies in simulated physiological conditions in vitro, as well as thermal degradation evaluation were performed. The pore size distributions, chemical and morphological characteristics of the composite foams were characterized before and after the degradation process.
Materials and methods

Materials
High-molecular-weight chitosan powder (MW = 320,000 g/mol, degree of deacetylation, DD > 75%, Cat.#419419, Sigma-Aldrich) was used without further purification. BG was synthesized using the following reagents: tetraethyl orthosilicate (TEOS: C 8 H 20 O 4 Si, Sigma-Aldrich), nitric acid (HNO 3 , Merck), triethyl phosphate (TEP: C 6 H 15 O 4 P, Merck), and calcium nitrate tetrahydrate (Ca(NO 3 ) 2 ·4H 2 O, Synth). Adipic acid was obtained from Vetec Química. All reagents used were of analytical grade and Milli-Q water was used in all solutions (18.0 MΩ·cm).
Bioactive glass (BG) microparticles synthesis and foam preparation
The BG microparticles were obtained using a sol-gel alkoxide route, with the nominal composition in mol (60% SiO 2 ; 36% CaO; 4% P 2 O 5 ), as described by Pereira et al. (1994) . The starting sol solution was synthesized by mixing for 60 min 22.4 mL of 2.0 M nitric acid (HNO 3 ), 132.2 mL of deionized water, 13.75 mL of triethyl phosphate (TEP), and 137.1 mL of tetraethyl orthosilicate (TEOS). Calcium nitrate tetrahydrate was in sequence slowly added to the solution that was mixed for 30 min. The sol produced was then cast in hermetically sealed Teflon (polytetrafluoroethylene) containers, and gelation was allowed to occur for 72 h in an oven at 60 ∘ C. The covers of the containers were then exchanged for caps with holes, and the BG gel was dried in an oven at a starting temperature of 60 ∘ C with an increase of 10 ∘ C every 24 h until 120 ∘ C was reached.
Next, the BG was crushed into a microparticulate powder, and heat-treated at 700 ∘ C. The solids were ground once again, and separated using a 38-150-µm sieve. A 3% (w/v) solution of chitosan was prepared by dissolving the polymer in Milli-Q water with 1% adipic acid (Vetec), with moderate mechanical stirring for 24 h. The pH of the solution was adjusted to (5.5 ± 0.05) with 1.0 M NaOH maintained while stirring at 40 ∘ C for 1 h to complete dissolution of all components and to guarantee a clear solution. Flexible 3D composite foams were prepared with chitosan (CH) combined with BG in the following ratios: 100% CH and 0% BG (CHF); 75% CH and 25% BG (CH25BGF); and 50% CH and 50% BG (CH50BGF). The equivalent of 10% (wt/wt) glycerol was added to all the foams. For CHF, glycerol was added directly to the chitosan solution. Glycerol was used as the dispersant of BG in the composite foams. Subsequently, the dispersant mixed with the particles was added to the solution of chitosan. Sodium lauryl ether sulfate surfactant was then added to all the compositions. The mixture was stirred vigorously to form a stable foam, which was then cast in a silicone container and frozen at −20 ∘ C for 48 h, then dried in an oven for 24 h at 55 ∘ C.
Thermal analysis
The thermal behavior of the foams was studied by differential scanning calorimetry (DSC; NETZSCH Co., Germany). The instrument was calibrated using an empty platinum sample pan as a reference. After the calibration, 15 mg samples were weighed into the platinum pan without caps. The foams were heated from 30 ∘ C to 500 ∘ C at a rate of 10 ∘ C/min. The DSC cell was flushed with nitrogen at a flow rate of 100 mL/min to maintain an inert atmosphere. The thermal degradation of the composites was analyzed on a thermogravimetric analysis system (TGA 209 F3; NETZSCH Co.). The samples (15 mg) were weighed into a platinum sample pan and heated from 30 ∘ C to 500 ∘ C at a rate of 10 ∘ C/min under nitrogen at a flow rate of 100 mL/min.
Degradation study 2.4.1 Degradation and water absorption degree
The degradation test was employed to determine the ability of scaffolds to lose mass when exposed to simulated body fluid (SBF), prepared as described by Kokubo et al. [23] . In this study, dry samples were weighed (Wo), immersed in SBF solution, and maintained at 37 ∘ C for different periods of time up to 90 days. The samples were then removed from the SBF, dried in an oven at 50 ∘ C, and weighed (Wt). The SBF solution was changed every 5 days to avoid saturation. Three samples were evaluated for each period of time. The degradation was monitored by measuring the difference between the initial mass (Wo) and the final mass (Wt) of each sample. The percentage of weight remaining (Wr) was calculated using Equation (1):
Fourier transform infrared spectroscopy (FTIR)
FTIR spectroscopy was performed to quantify the chemical characteristics of the foams at regular intervals during, the degradation test. The spectra of the solid samples were collected in the wavenumber range 4000 to 650 cm −1 over 64 scans at a resolution of 4 cm −1 , using a Nicolet 6700 instrument (Thermo Scientific) in attenuated total reflectance (ATR) mode using an OMNI-Smart accessory.
X-ray diffraction (DRX)
X-ray diffraction patterns were recorded at regular intervals before and during the degradation test, using CuKα radiation (40 kV, 30 mA) on an XRD 7000 diffractometer (Shimadzu). The data were collected with the scan at 2θ and an angle of 5-90 ∘ . The crystalline and amorphous characteristics were assessed based on the X-ray diffractograms.
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectrometry (EDS)
The scanning electron microscopy (SEM; SSX-550; Shimadzu) was performed to analyze the Morphological characteristics of the composite foams. Before analysis, the samples were coated with carbon to make them conductive. The SEM photomicrographs were used to evaluate the composite foam microstructures before and after the degradation process. The images were acquired at two different magnifications (40X and 200X) using an accelerating voltage of 15 kV. We carried out SBF energydispersive X-ray spectroscopy (EDS) measurements to evaluate changes in the relative contents of calcium and phosphorus in the submitted samples. 
X-ray microtomography
Statistical analysis
All experiments were repeated three times with triplicate samples. We used Prism software (GraphPad Software, San Diego, CA, USA) to carry out one-way analysis of variance (ANOVA) and the Bonferroni test. A p-value < 0.05 was considered statistically significant.
Results and discussion
Thermal analysis
Thermal analyses are important to verify the thermal stability of biomaterials, especially when the samples are polymer matrix composites. Figure 1 compares the DSC data of CHF, CH25BGF and CH50BGF composite foams results. Both curves have two endothermic peaks corresponding to water vaporization and glycerin vaporization [24, 25] . Table 1 presents a summary of the DSC data. The exothermic peaks correspond to the thermal decomposition of chitosan and occurred at 279 ∘ C for pure chitosan foam, 286 ∘ C for CH25BGF composite foam, and 294 ∘ C for CH50BGF [24, 25] . A comparison of the DSC curves reveals that the degradation temperature increased with the content of BG particles in the foams. The comparative results are related to the thermal stability of the BG itself, but may also be indicative of the effect of BG crosslinking in the chitosan chains. 
Weight loss
It is important to investigate the in vitro degradation of biomaterials to determine their resorption under physiological conditions and measure their long-term stability. Ideally, the degradation behavior of a 3D scaffold for biomedical applications should be as controllable as possible. Figure 2 represents the curve of mass loss during the in vitro degradation process in each foam incubated in SBF solution at 37 ∘ C for 84 days. We found that the mass loss for pure chitosan foam was significantly higher than for the CH25BGF and CH50BGF composite foams, and weight loss occurred over the entire incubation period, being more pronounced up to the seventh day of incubation.
Owing to the large difference in weight loss from the twenty-first day onwards observed for composite foams CH25BG and CH50BG, Figure 2 is divided into two distinct regions named R1 and R2. Degradation occurred at a higher rate in R1. The second region (R2) describes behavior where the rate of mass loss increased for composite foams CH25BG and CH50BG. The results for the CH50BGF foam suggest that the mass stabilized with a small variation until the end of the experiment in R2. The CH25BGF foam showed a mass decrease after the forty-second day of the incubation period.
During the degradation of chitosan the ether bonds between the saccharide rings are broken, resulting in the separation of monomers, decomposition of the polymer chains, and dissolution of the degradation products in the buffer solution [26, 27] . Considering the degradation of BG observed by Cerruti et al. [28] , and also in the studies by Costa [29] , the degradation of the BG could follow a homogeneous model in which the liquid reacts with the particles over time with first-order degradation kinetics. Another possibility is that the degradation of BG follows a heterogeneous model involving silica and alkali extraction, where in the degradation kinetics vary with the square root of the immersion time.
The mass increase observed in the composite samples was related to the amount of BG present, and was probably due to the formation of an apatite layer upon immersion in SBF [30, 31] . Luz et al. [32] immersed chitosan samples containing BG in SBF for 5 days, and observed structures that are typical of biomimetically formed apatite. They also found that mineralization occurred only in the sample areas where BG was present. We made the same observations in the composite foam samples in the present work, and confirmed the presence of apatite by FTIR, SEM, and EDS analysis, as will be shown subsequently.
Regardless of how BG and chitosan undergo degradation throughout the experiment, each phase of a composite material has a different degradation/dissolution behavior. However, the BG present in the sample can change the degradation pattern of the chitosan matrix by making it more stable.
Fourier transform infrared spectroscopy (FTIR)
We used FTIR to identify the main chemical groups present in the porous matrices before and after 84 days of immersion in SBF. Figure 3 shows the FTIR spectra of the CHF, CH25BGF, and CH50BGF foams and the comparison of the samples during and before the degradation process. The chitosan and composite foam spectra (Figure 3a ) reveal the characteristic functional groups of the native chitosan chains and BG particles. Structural analyses of chitosan [5, [33] [34] [35] and BG [36] [37] [38] [39] by FTIR were used as references in the present study. In brief, the chitosan foam (CHF) showed characteristic absorption bands, such as: Amide I (1700-1625 cm [36, 37, 40] . These bands intensity increase with the bioactive glass content, therefore it is more evident in the spectra of the CH50BGF [40] . The displacement observed for the Amide I band in CH50BGF (from 1638 cm −1 in CHF to 1577 cm −1 ) may suggest that hydrogen bonds were established between the carbonyl groups (C=O) and the silanol groups (Si-OH) of the BG, in accordance with the observations reported by Lampman et al. [41] . The hydrogen bonds cause a decrease in the stretching constant, resulting in a reduction in the stretching frequency. Furthermore, the displacement of the Amide II band in CH50BGF (from 1556 cm −1 in CHF to 1543 cm −1 ) observed when BG was added may have been due to hydrogen bonds between the N-H groups of the chitosan and the Si-OH groups of the BG. Therefore, we hypothesize that the physical crosslinking was due to electrostatic interaction between the chitosan carbonyl and amine groups and the silanol groups of the BG.
The foams were immersed in SBF for 84 days and subjected to FTIR analysis on a weekly basis. The evolution of the FTIR spectra of the samples immersed in SBF over this time can be seen in Figure 3b -d, which reveals the days on which more significant changes occurred. Figure 3b shows that the main changes in the spectra of CHF occurred at the amide groups, with absorption bands ranging from 4000 cm −1 to 650 cm −1 . We observed a reduction in the main absorption bands attributable to chitosan: Amide I (1690-1612 cm −1 ); Amide II (1590-1510 cm −1 ); CH scissor vibration (1425-1390 cm −1 ); and CO stretching of the ring structure (maximum at 1040 cm −1 ). These changes are consistent with the hydrolytic degradation of the polymer. There was no other significant change in the spectra of the chitosan foams.
We also observed a reduction in the signals related to the functional groups of chitosan in the composite foams (Figure 3c and 3d) , but new bands appeared in the range 1200 cm −1 to 650 cm −1 . After the first week of immersion in SBF we observed an enlargement of the band ranging from 1000 cm −1 to 1040 cm −1 , which formed a shoulder (with a maximum at 1030 cm −1 ) that can be attributed to phosphate groups [42] . Moreover, in the spectra of CH25BGF (Fig. 3c ) and CH50BGF (Figure 3d) , it was observed the appearance of new bands after 84 and 28 days, respectively. The bands with maximum at 960 cm −1 (related to phosphate group) and at 875cm −1 (related to carbonate groups) provides evidence of the formation of carbonated hydroxyapatite [36, 42] . The FTIR spectra of the samples after immersion in SBF for 84 days (Figure 3e ) confirm the differences in the degradation process of the foams with and without BG. Only the composite foams presented bands related to the groups that are typical of a hydroxycarbonate apatite layer (HCA) formed on the surface of the samples owing to the presence of BG particles. Figure 4 shows the XRD patterns of the CHF, CH25BGF, and CH50BGF samples before immersion and after 21 and 84 days of immersion in SBF. The XDR pattern of the pure chitosan foam did not show any new phase after 84 days of immersion in SBF. After 21 days of immersion, the CH50BGF foam pattern showed a semi-crystalline phase with main peaks at 32 ∘ , 45 ∘ , and 56 ∘ , which also appeared in the CH25BGF foam pattern after 84 days of immersion. This was possibly due to the lower amount of BG in the CH25BGF sample compared with the other composite foam. This new phase is typical of phosphate crystal peaks, and matches the standard pattern of hydroxyapatite [42] [43] [44] . Pishbin et al. [42] investigated the effect of in vitro immersion in SBF on composite coatings produced by electrophoretic deposition of gentamicin-loaded bioactive glass and chitosan, and reported evidence of bioactivity in the samples after the appearance of hydroxyapatite peaks. They also reported that the peaks increased in intensity after 21 days of immersion.
X-ray diffraction (XRD)
Scanning electron microscopy (SEM)
and energy-dispersive X-ray spectrometry (EDS) Figure 5 shows the SEM micrographs of the foams before and after 7 and 84 days of degradation. SEM was used to evaluate and compare the changes in surface morphology and porosity of the scaffolds; after 0 days (control group), it was possible to see the porosity, with interconnected macropores in all materials. However, the morphology of the pure chitosan sample was different from that of the composite foams. The inorganic phase of the composite foams modified the homogeneity of the porous network. This can be seen by comparing the 100% chitosan foam, which had larger and more rounded pores with a greater pore size range (115-450 µm), with the CH25BGF and CH50BGF composite foams, which had pore sizes of 115-270 µm and 160-260 µm, respectively. The images of samples after 7 days of SBF immersion show an increase in porosity of the scaffolds. However, the pure chitosan foam exhibited a greater increase in pore size (181-700 µm) than the CH25BGF (130-340 µm) and CH50BGF (140-280 µm) composite foams.
After 84 days of in vitro hydrolytic degradation, the SEM images of the CHF scaffold revealed that there was extensive destruction of the pore structure; the pores became heterogeneous and the pore size range was 260 µm to 1.5 mm by the end of the experiment. However, the foams with BG tended to be less susceptible to structural degradation than the CHF foam. The CH25BGF foam showed greater loss of structural homogeneity and a greater pore size range (170-400 µm) compared with the CH50BGF foam (130-290 µm). This structural difference caused by degradation is an indication of the higher stability of the composites, probably owing to the physical crosslinking resulting from the interaction between chitosan and BG.
Furthermore, we observed a newly formed biomimetic apatite layer on the composite foams. The EDS spectrum was obtained to evaluate the change in the chemical composition of the surface with respect to the degradation process upon SBF immersion [44, 45] . Figure 6 shows the SEM image of the biomimetic apatite structure and the corresponding EDS spectra of the composite samples. The Ca and P concentration on the surfaces of the samples increased after immersion in SBF, and the concentration of silicon (Si) decreased, compared with the control sample. The XRD and FTIR results already presented corroborate this observation.
The ability to induce hydroxyapatite mineralization under physiological conditions is associated with the bioactivity of the BG. Therefore, it is reasonable to suggest that the results observed in SBF indicate the bioactive response of the composite samples [19, 44, 46] . According to the results of the EDS analysis there were no significant changes to the chemical composition of the CHF sample over the course of the experiment.
The SEM characterization of the foam degradation correlated well with the mass loss and DSC/TGA data, which indicate that the increase in the amount of BG in the composite foam samples corresponded to a decrease in mass loss. Furthermore, the formation of the apatite layer is also an important factor because it affects mass loss.
X-ray microtomography
Analysis of the internal 3D architecture of the foams by Micro-CT can provide information on the porosity and average pore size of the open pores of the scaffold. High porosity and an interconnected pore structure are essential for tissue ingrowth and vascularization [2, 47] because they facilitate cell migration, proliferation, and access to nutrients. Table 2 presents the results of the 3D quantitative analysis of the scaffolds before and after immersion in SBF for 84 days. Figure 6 comprises a pore size distribution histogram and a 3D model reconstruction of the scaffolds before and after immersion in SBF for 84 days. We observed a highly porous structure in all samples, with up to 59.7% total porosity before immersion in SBF. The structures were highly interconnected and the number of open pores was greater than 98% in all the scaffolds. Pores in the range 100-400 µm are desirable for tissue engineering applications because they facilitate cell penetration [48] . All the samples had an average pore size within this range, and were therefore suitable for tissue engineering. In all the samples the scaffolds underwent degradation after immersion in SBF, with a consequent increase in total porosity and average pore size, while retaining open and intercon- nected porosity. Similar behavior was revealed by the SEM analysis. However, quantitative differences may be related to the technique because micro-CT estimates the pore size of the full 3D structure and SEM examines only a small region of the samples. A drastic reduction in the porosity due to shrinkage of the material or degradation could reduce cell mobility though the scaffold. The observed behavior of the samples after contact with SBF proved they were suitable for tissue engineering because the 3D architecture was not affected; the capacity for cell penetration and proliferation, and the interconnectivity for nutrient access were retained [48] .
Conclusions
We prepared flexible composite foams comprising chitosan and bioactive glass, and investigated their thermal and hydrolytic degradation behavior. The degradation rate decreased with the addition of BG to the samples. This behavior can probably be explained by the observed intermolecular interactions between CH and BG, and also by the hydroxyapatite mineralization on the composite foams. These processes also resulted in an increase in the degradation temperature of the composite samples, as revealed by thermal analysis, and were corroborated by the XRD, FTIR, EDS, water uptake, and weight loss results. SEM microscopy and micro-CT analysis revealed that both materials showed high porosity before and after degradation. This outcome is essential for cell migration and also affects the biomedical use of the scaffolds. The results confirm that chitosan/bioactive glass-based foams can combine controllable bioactivity and degradation behavior, and are therefore potentially useful as matrices for tissue regeneration.
